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Thermal Conductivity of Air and other Gases, 

By G-EORGE W. Todd, M.Sc, Eesearch Scholar of the University of 

Birmingham. 

(Communicated by Prof. J. H. Poynting, F.E..S. Eeceived June 2, — Eead 
June 24, — Eeceived in revised form July 27, 1909.) 

Although there has been a number of experimental determinations of the 
thermal conductivity of air, its value even to two figures is still uncertain. 
It is true that the values hitherto obtained are of the same order as that 
deduced from the kinetic theory by Clausius, Maxwell, and others, but they 
differ among themselves to the extent of 20 per cent. There have been only 
two methods of experiment. Stefan, Kundt and Warburg, and Winkelmann 
observed the rate of cooling of a thermometer in an envelope of rarefied air, 
the outer surface of which was kept at a constant temperature. Schleierr 
macher and Schwarze measured the rate at which heat passed from an 
electrically heated wire stretched along the axis to the surface of a cylinder 
maintained at a lower constant temperatu.re. Eepetitions of these two 
methods have not cleared away the uncertainty as to what is the correct 
value of the thermal conductivity of air. 

Under these circumstances it might be interesting to give an account of 
another method for determining this quantity. It will be noticed that in 
this method, which was suggested by Prof. Poynting, the conductivity is 
measured at ordinary pressures, there being no need to take precautions 
against convection currents by the reduction of the pressure as is necessary 
in the other methods. 

If a layer of air is enclosed between two parallel good conducting plates 
maintained at different temperatures, the colder plate will receive heat 
by radiation and conduction through the air. There is no reason to suppose 
that convection can take place if the plates are horizontal, with the distance 
between them small compared with their linear dimensions, and if the upper 
one is at the higher temperature. Communication with the surrounding air 
could be cut off by an insulating ring. Let one of the plates be movable up 
and down, its surface being always parallel to the surface of the other plate. 
Then assuming that no * complications are introduced by the ring, the 
quantity of heat passing in each second from the upper plate to the lower at 
a distance x from it is 

Q = K/^-fE, 

w^here E is the radiation between the plates and K is constant provided the 
temperature of each plate is kept constant. 
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If X is varied and the corresponding values of Q are plotted on a curve 
a rectangular hyperbola is obtained, the horizontal asymptote giving the 
value E of the radiation. 

The conductivity of the air could then be obtained, knowing the dimensions 
and temperatures of the plates, from 

In practice, however, the insulating ring must radiate to or absorb 
radiation from the lower plate. In the experiments to be described the 
ring was attached to the upper hot plate, and therefore, being warmer than 
the lower plate, would radiate to it. The conduction of heat down the ring 
is a very small amount if the ring is thin. In the experiments the ring 
consisted of a cylinder of paper attached to the upper but not to the lower 
plate, so that only a small fraction of the heat conducted down would get to 
the lower plate. 

The problem of finding an expression for the radiation effect of the ring is 
apparently a difficult one. However, it is possible to deduce an expression 
for the radiation from a vertical plane of finite height to a horizontal strip 
extending perpendicularly from it to infinity. In this case it is proportional 
to the product of the width of the strip and the height of the vertical plane. 
We may take it, then, that with plates of a large areasurrounded by a ring 
of small height the radiation effect is proportional to the distance between 
the plates. So that 



Plotting Q and x, we obtain a curve whose asymptotes are x 
Q = E + E^. 

Putting a^^i = X, the equation becomes 

Q = KX + E + E/X, 
which is represented graphically thus : — 



and 
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The slope PM/MN of the asymptote Q = KX + E gives the constant K 
whence the thermal conductivity is determined. 

Experiments v/ere made with two forms of the apparatus of quite 
different dimensions, but the methods only differed in detail. Both sets 
of experiments are described, as it appears desirable to justify the method 
by showing that it gives concordant results when dimensions are varied. In 
the earlier experiments, too, the surfaces were varied between which the 
conduction and radiation took place. 

The earlier experiments were made using two circular plates about 20 cm. 
in diameter cut from sheet copper 3 mm. thick. One surface of each was 
turned as flat as possible in a lathe. These plates were soldered one to the 
base of a copper steam chamber, and the other into the top of what may be 
called the calorimeter, the turned surfaces being outside. An idea of the 
arrangement of the apparatus may be gathered from the accompanying 
diagrammatic representation (fig. 2). 
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Steam was sent through the steam chamber S from the boiler B situated 
above, and the temperature of the upper plate was indicated by a thermo- 
meter whose bulb was immediately above it. The steam chamber was fixed 
firmly by means of screws to a thick annular piece of wood which held 
up the whole of the apparatus above it as shown in the diagram. 

The rate at which heat passed through the lower plate into the calori- 
meter C was determined from observations of the rise in temperature of 
a uniform flow of water through the calorimeter. The latter was 2 cm. in 
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depth, and constructed to ensure the perfect circulation of the stream of 
water. This was done by dividing up the interior, by means of partitions 
parallel to the plate, in a way similar to that shown in fig. 6. 

As the outflowing water comes immediately from the " receiving " copper 
plate the temperature of the latter was taken to be the same as that of the 
outflow. An investigation described below showed that this was not quite 
true, but the correction is less than 1 per cent. This temperature was read 
on the thermometer T (fig. 2), and the difference in temperature between the 
outflowing and inflowing water was measured by the thermoj unctions JJ of 
copper and constantan wires. 

By means of a screw K, the table which supported the calorimeter could 
be moved up and down in a direction always perpendicular to the horizontal 
plane. Both the base of the table and the ring of the tripod were provided 
with levelling screws. The position of the calorimeter was determined by 
observing through the microscope- cathetometer M the coinciding of a silk 
thread stretched across a strip of glass at X with the cross wires in the 
microscope. The contact position of the plates was ascertained by connecting 
them in seeris with a Leclanche cell and a galvanometer. 

The temperature of the lower plate was kept as constant as possible by 
regulating the temperature of the inflowing water with. the heating coil H of 
manganin wire in series with a variable resistance. 

An admirable insulating ring was made by pasting ordinary foolscap paper 
round the edge of the steam chamber, the contact between the paper and the 
copper being made as air-tight as possible, to prevent the possibility of 
convection streams. "While fitting sufficiently well, the calorimeter was able 
to slide freely up and down in this double-walled cylinder of paper. This 
ring was, perhaps, the best possible. Its thinness and low conductivity would 
prevent much conduction from the steam chamber to the calorimeter, and the 
film of air enclosed between its double walls would help to reduce the con- 
duction, if any, from the air between the plates to the outside. If there were 
convection currents, they must have been too feeble to have had any appre- 
ciable effect on the curves. It may be possible that small eddies existed 
close to the insulating edge, but there could have been no rapid translation 
of the air in the rest of the space. 

During an experiment, the flow of water was maintained constant by the 
ordinary simple device of allowing the water from the mains to enter 
a reservoir from which an outflow tube carries away water rising above 
a certain level. Thus a constant " head " is obtained independent of the 
alterations in pressure which may occur in the mains. In these experiments 
the reservoir was suspended by a cord passing over a pulley fixed to the 
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ceiling, so that the flow through the calorimeter could be altered when 
desired. The volume of water flowing through in each second was measured 
by noting with a stop-watch the time taken for it to fill a graduated 
litre flask. 

The galvanometer was of the D'Arsonval type and had a resistance at 
14^ C. of 5*03 ohms. Its terminals were soldered directly to the copper leads 
from the thermoj unctions. 

If the volume of water flowing through the calorimeter in each second is V 

and the galvanonieter reading is y, the quantity of heat received per second 

by the lower plate is 

Q = Yyjs, 

where s is the deflection on the galvanometer scale corresponding to 
a difference of 1° C. between the inflow and outflow junctions. But 

where k is the thermal conductivity, r is the radius of the plates, and 9 is the 
temperature difference between the plates. Therefore we may put 

y = A^~^ + B + C^, where A = skirr^OY''^, 

so that k = AY/sTTT^d. 

The deflection per 1° C. difference between the junctions was s = 53*5 
divisions. The radius of the copper plates was r = 10*11 cm., so that 

A; = 5-821 X 10-^ xAV(9-i. 

The thermal conductivity of air has been calculated by finding the 
constant A graphically, as indicated at the beginning of the paper, and 
substituting it in this equation. 

Each of the following gives the experimental data for one determination of 
the conductivity. The figures opposite x give the distance apart, in centi- 
metres, of the plates, and the figures immediately below give the corresponding 
galvanometer deflection : — 

Surfaces polished. 

Outflow temp. = ll°-3. Steam chamber temp. = 98^*8. 

Eate of flow = 1000 c.c. in 94*0 sec. 



cc 


0-071 
112 


-117 

72 


-186 
46 -9 


0-251 
36-5 


0-359 
26-8 


0-496 
20 -6 


0-650 

17-8 


galv 



A = 7 -75. Thus ^ = -0000550. 
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Outflow temp. = 11°'7. Steam chamber temp. = 98°'7. 
Rate of flow = 1000 c.c. in 120'3 sec. 



X 


0-082 
131 


0-141 
79-5 


0-208 
55 


0-271 
45 


0-428 
30-8 


0-633 

22-2 


galv 



A - 10 -3. Thus k = -0000571. 

Outflow temp. = 11°*8. Steam chamber temp. = 98°*8. 
Eate of flow = 1000 c.c. in 172*7 sec. 



X 


..J 0-084 


0-145 
115 


0-194 

88 


0-269 
. 67 


0-403 
50 


0-683 
35-5 


0-788 
31-2 


galv. ... 


i 

... 187 

1 
i 
i 



A = 15 -1. Thus ^ = -0000586. 

Outflow temp. = 11°*7. Steam chamber temp. = 98°'4. 
Eate of flow = 1000 c.c. in 112*1 sec. 



X 


-142 

70-7 


-208 
60-6 


-288 
37-8 


0-506 
23-6 


-735 
16-2 


galv. ...... 



A - 9 -51. Thus ]c=-0 -0000571. 

Outflow temp. = 12°*4 Steam chamber temp. = 99°-3. 
Eate of flow = 1000 c.c. in 144*9 sec. 



X 


0-110 
112 


0-178 
73 


0-253 
54 


0-348 
41 





galv 


34 



0-438 




A = 11 -8. Thus ^ - -0000546. 



Outflow temp. = 13°*1. Steam chamber temp. = 99°*2. 
Eate of flow = 1000 c.c. in 163*0 sec. 



X 


0-106 , 
187 


0-178 
86 


0-237 
66 


0-327 
50 


-429 
40 


-570 
32 


0-717 

24-7 


galv 



A = 13 -7. Thus ^ = -0000567. 



These values vary about 4 per cent.. from a mean value for the thermal 

conductivity of 

0-0000565 

at a mean temperature of about 55^ 0. 
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This result was verified by repeating the experiments with the surfaces of 

the plates altered in appearance. Mckel plating, although desirable because 

of its non-tarnishing properties, was out of the question, on account of the 

great pressure needed to polish it after deposition. The copper plates were 

not strong enough to bear pressure without the risk of bending, so they were 

silver plated. 

Surfaces silver plated. 

Outflow temp. = 12°*8. Steam chamber temp. = 98°*9. 
Eate of flow = 1000 c.c. in 117*1 sec. 



X 


0-074 
145 


0-139 

75 


-200 
54 * 


0-274 
41 


-BoO 
31 


0-437 
25 


galv 



A = 9 -73. Thus 7c = -0000564. 

Outflow temp. = 13°'2. Steam chamber temp. = 99°'0. 
Eate of flow = 1000 c.c. in 161*8 sec. 



x...... 


-092 


0-143 


0-193 


0*280 


0-375 


0-476 


0-607 


galv 


154 


100 


77 ^ 


54 


42 , 


35 


30 



A = 13 -2. Thus Ic = 0-0000555. 

Outflow temp. = 12°'3. Steam chamber temp. = 99°'0. 
Eate of flow = 1000 c.c. in 114*4 sec. 



X 


-093 
107 


-153 
68 


-219 

" 48 


-294 
36 


0-400 
26 


-499 
20 


'636 
15-3 


galv 



A = 9 -53. Thus Jc = -0000561. 

Outflow temp. = 13^*5. Steam chamber temp. = 98°*7. 
Eate of flow = 1000 c.c. in 198*7 sec. 




0-130 



133 



0*225 



81 




0-350 



54 




-556 
37 



A = 16 -4. thus ^ = -0000565. 

The mean of these values obtained with silvered surfaces gives 

/^ = 0-0000561. 

Further experiments were made with the surfaces of the plates painted 
black so that the radiation effect would be almost at a maximum. 
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Kate of flow = 1000 c.c. in 148*4 sec. 
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X 


0-081 


0-138 


0-214 


0-311 


0-393 


-558 1 


galv 


192 


123 


92 


75 


67 


58 



A = 12 -2. Thus ^ = -0000563. 



Outflow temp. = 14°-4. 
Eate of flow : 



Steam chamber temp. = 98^'8. 
1000 c.c. in 173*7 sec. 



X 


0-114 
162 


0-168 
125 


« — — 

0-269 

93 


0-369 
79 


0-505 
69 


0-689 
61 


galv 



A = 13 -8. Thus 7€ = -0000549. 

Outflow .temp. = 12°*5. Steam chamber temp. = 99°*0. 
Eate of flow == 1000 c.c. in 181*2 sec. 



X..... 


0-711 


0-531 


0-402 


0-280 


0-213 


-173 


0-134 


galv 


60 


68 


79 


97 


116 


133 


161 



A = 15 -6. Thus ^ = -0000580. 



The mean of these values obtained with blackened surfaces gives 

k == 0-0000564, 

The mean of all the results gives, for the value of the thermal conductivity 
of air at ordinary pressures and in the neighbourhood of 55^ C, 

k = 0*0000564. 

These results would each be increased by probably about ^ per cent, if 
a correction were made for the difference in temperature between the lower 
plate and the issuing water. The apparatus was dismantled before the author 
realised the necessity for the correction. 

Another form of the apparatus was then constructed, and the opportunity 
was taken to introduce some improvements. It appeared better to make the 
plates thicker and of some alloy harder than copper which could be worked 
into a plane surface without fear of bending, although with thicker plates it 
would be necessary to correct for the difference in temperature between the 
upper and lower surfaces. With a larger area, the edge effect would probably 
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be reduced to an imperceptible amount at the small distances used in the 
experiment. 

As the determination of the conductivity depends on the accurate measure- 
ment of the distances between the plates, care was taken in designing the 
new apparatus to have the plates held in more rigid supports. The position 
of the bottom plate was adjusted bj means of three levelling screws with 
fine threads, and sensitive spirit levels on the supporting base indicated 
when the plate was horizontal. A wooden table being of no use with 
sensitive levels, a rigid one was specially built up, consisting of slate slabs 
cemented to the tops of four earthenware drain pipes, which again were 
cemented to the brick floor. The micro-cathetometer, by means of which 
the position of the lower plate was determined, rested on this rigid 
slate table. 

The temperature of the upper surface of the top plate was measured by 
a thermocouple, one junction pressed against the plate and the other 
immersed in boiling water. 

Instead of measuring the difference in temperature of the water entering 
and leaving the calorimeter by reading galvanometer deflections, a " null '' 
method was used. The electromotive force produced at the thermojunctions 
was balanced against the fall of potential down a copper wire of known 
resistance and carrying a known current. 

A sketch of the arrangement for supporting the plates is given below 
(fig. 3). The steam chamber S was fixed to a cast-iron ring E, supported by 
three steel rods screwed into the base B. These three rods, for simplicity, 
are shown in the diagram as two. The steam chamber could be raised or 



45CTn 




Section E F 



Fig. 3. 



lowered by means of three screw heads resting in conical bearings drilled in 
projecting portions of the cast-iron ring (see section EF). 

The calorimeter rested on a smaller and thinner cast-iron ring supported 
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by three steel rods fixed into a strong T-shaped cast-iron base, details of 
which are given in accompanying diagrams (fig. 4). Two adjustable spirit- 
levels were fixed at right angles to each other on this base. By the aid of 
these and three levelling screws, the calorimeter could be moved up and down 
and the surface of the plate kept parallel in all its positions. 
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23 cm. 
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ID 
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AB 
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The spirit-levels were about 3 inches long and contained ether, so that 
the bubbles would respond readily and with as little viscous restraint as 
possible, A displacement of the bubble through one division corresponded 
on one to a fraction over 3 seconds, while one division on the other 
indicated a tilt of almost exactly 3 seconds. As the levelling screws 
enabled adjustment to less than one-tenth of one of these divisions, and as 
the plates were more than 30 cm. in diameter, it will be seen that differences 
in level between opposite ends of a diameter must be less than 0*03 mm. 

The plates were turned from rolled-sheet brass f inch thick. These would 
be sufficiently strong to avoid risk of bending, and, being made of brass, 
better surfaces could be obtained on them. For the careful turning of the 
surfaces of these plates and for the fitting of them to the steam chamber 
and calorimeter, I am indebted to Mr. G. 0. Harrison, the mechanician in 
the Physics Department of the University of Birmingham. I must also 
express my gratefulness to him for the construction of the calorimeter, which 
is described later. 

Two shallow dishes having the same diameter as the plates were " spun " 
out of sheet copper y^ 1^^^ thick. One served as the steam chamber and the 
other was converted into the calorimeter. The construction of the steam 
chamber was simple, one of the plates being soldered on to one of the 
shallow copper dishes, holes having been previously drilled in latter for the 
entrance and exit of the steam and for fixing in the supporting rods. The 
continually condensing steam would be carried away by two narrow tubes 
soldered as low down as possible at opposite sides of the steam chamber. 
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A supply of steam from a large boiler entered by way of a flexible metal 
tube -I inch in diameter, and a similar tube conducted the steam back again 
through a condenser to the boiler. The top of the steam chamber was 
covered with cotton wool to diminish the condensation inside. 

An important part of the apparatus was the calorimeter, by means of 
which the rate of transmission of heat across the space between the plates 
was measured. As in the previous experiments, partitions w^ere introduced 
to provide proper circulation of the water. The construction can be best 
understood from drawings. A ledge I (fig. 5) was turned on the edge of i^he 
plate so that it could be slipped into the copper dish for soldering. In 
addition, another ledge was turned inside the first ledge for the purpose of 
holding the first partition. This partition was made of y^-inch brass and 
flattened so that the distance between it and the under surface of the plate 
should be fairly constant all over. Eound the edge of the partition :|-inch 
holes h were drilled as near together as possible. The circulating water 



-^ — 

-V- 







ITSH 



z.z^^ ab = pln 




Fig. 5. 

comes up through these holes, flows along the under surface of the plate 
taking up its temperabure, and makes its exit down a f-inch tube in the 
centre. This first partition was held in position by fine pins ah through the 
previously mentioned ledge. The other two partitions were of thinner 
material and riveted together with six spacing pieces ^ inch in diameter. 
Three longer spacing pieces riveted to the edges of the middle larger 
partition supported the two partitions on the bottom of the copper case of 
the calorimeter (fig. 6). After soldering the middle partition to the sides of 



I 



in 



Fig. 6. 



the case, the plate with the upper partition fixed to it was slipped on and 
soldered in. The central tube was screwed into the top partition and 
soldered through a hole in the bottom of the calorimeter to the lower 
partition, after which the hole was soldered up. 



30 



Mr. G. W. Todd. 



[July 27, 



This calorimeter rested on a cast-iron ring fixed by steel rods to a firm 
base. Two glass rods, holding a small glass plate over which were stretched 
cross wires of silk, were cemented across two of these steel rods, and the 
position of the intersection of these fibres could be read on the cathetometer 
to 0*01 mm. 

At both the inflow and outflow tubes of the calorimeter there were five 

junctions of copper and constantan 
(fig. 7). The wires were passed through 
rubber bungs fitting into glass tubes 
and were insulated inside by ebonite 
rings, through each of which 10 small 
holes were drilled. The junctions 
were bent over so as to be in the line 
of flow of the water. As in the 
previous experiments, the inflowing 
y^^ ^ water could be kejpt at a constant 

temperature by means of a heating coil. 

The electromotive force set up by the difference in temperature between 

the two sets of junctions was measured by balancing it against the fall of 

potential down a copper wire (fig. 8). By means of a switch either the 
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Fig. 8. 

junctions at the inflow and outflow, or the junction in contact with the 
upper surface of the top plate, could be thrown into the potentiometer 
circuit. The current was supplied by accumulators and kept constant at 
0*001000 ampere by adjusting the resistance in the circuit. 

The heat received by the calorimeter per second is Q = Y^. The 
difference in temperature 6 gives rise to an E.M.F., E = %Rl, where E is the 
resistance of the wire per centimetre, i the current it carries, and I is the 
length required to balance. 

But for small temperature differences E = md, where m is E.M.F. per 1° C. 

difference. Thus 



e 



%R 



m 



.1, 



Q 



iR 



m 



.Yl. 



(1) 
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We have also Q = i^Trr^T^^^ + E + E^. (2) 

Putting y =Yl and X = o?"^, 

2/ = AX + B + CX-\ where A = Jcirr^Tm/iR; (3) 

and thus k = ^ , — . (4) 

A is obtained, as before, by plotting y and X. 

The difference in temperature between the upper and lower surfaces of 
the layer of gas will be less than the difference in temperature between the 
steam in the steam chamber and the water leaving the calorimeter, partly 
because of the temperature slope through the plates, and partly because of 
the difference in temperature between the metal and the issuing water. We 
will deal with these separately. 

The rate at which heat passes through the top plate is 

and through the bottom plate 

where C = conductivity, S = temperature of steam chamber, d = thickness 
of plate, W = temperature of outflowing water, and T = temperature of 
surface of plate in contact with air. 

Thus S-Tt = dtQt/Gsirr% (5) 

and Ts-W = dbQbJG^,irr\ (6) 

Q^ is practically equal to Q^; therefore by subtracting the last two 
equations we get 

T = T,-T5 = S-W~-%/J' +;^'-^ 

'Trr^XGs Uw,y 

The correction is, as we might expect, very small. 

It was suggested to the author that the difference in the temperatures of 
the outflowing water and of the receiving plate might be increased by the 
formation of a stagnant layer of water immediately beneath the plate, and so 
the second correction might be necessary. Although the distance between 
the plate and the partition below it was only Jg- inch, it was a point which 
needed an experimental test. Accordingly the plate was made one junction 
of a thermocouple, the junction being in the plate 1 inch from the edge ; 
the other junction was placed in the outflowing water. Any difference in 
temperature between the junctions was indicated by the deflection of 
a galvanometer connected in series with them. 

The deflection was found to be more than that required by the temperature 
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slope in the plate, indicating that there was either a stagnant layer, or 
some contact difference of temperature, between the plate and the flowing 
water. This deflection, however, which corresponded to a fall from the plate 
to the water of 0°-40 C, was independent of the velocities used in the 
experiments and practically independent (the change being about 10 per cent, 
between the highest and lowest heat flux) of the heat fluxes. So that T in 
the last equation has to be diminished by 0^*40 0. 

Constants of the Apparatus. 

Mean thickness of top plate dt — 0'894 cm. 

„ 5j bottom plate db =-■ 0'543 „ 

Radius of plates r = 15'25 „ 

Thermal conductivity of brass at 10° C Cw = 0*209 

Current through potentiometer wire ^ = 0*001000 amp. 

Besistance of wire at 15° C. E, = 0*001310 ohm per cm. 

E.M.¥. per 1° C difference in inflow and outflow Junctions m ~ 205*85 X 10~« volt 
„ „ between junction in steam cham- 

ber and that in boiling water = 14*75x10"® „ 

(Corresponding to 11*2 cm. of potentiometer wire.) 

Therefore h = — r— . ---~ = 8*710 x 10""^ x — , 

irr-m T T 

and T = S-W---%f^ + ;^)~~0-40 = S~-W^0-0084Q-0-40. 

Experimental observations are shown in the following table. W is the 
outflow temperature, which was kept as near as possible to 9°*5 C. by altering 
the fliow of water through the calorimeter and by adjusting the current 
in the heating coil. The third column gives the number of seconds required 
for the outflowing water to fill a litre flask. At each distance this was 
measured several times and the mean taken. The variations amounted to 



00, 


W. 


Mow. 


V. 


Boiling water 
and wire. 


Q. 


I, 


VZ. 


cm. 


















0-125 


10*4 


66*2 


15-11 


100-2 


9-6 


29 


331 


6001 


*153 


9*5 


60*2 


16*61 


100-4 


7*6 




252-1 


4187 


0*170 


9-6 


60-4 


16*56 


100*4 


7-5 




232-0 


3842 


0*180 


9*8 


66*3 


16*08 


100*2 


8*0 




233-7 


3523 


0-197 


9-4 


61-2 


16-34 


100-4 


7*9 


21 


201-3 


3289 


0*228 


9*4 


68*7 


14*56 


100-4 


8-0 




200-4 


2918 


0*276 


9-4 


75*9 


13*18 


100-0 


7*3 




186-2 


2454 


-323 


9*5 


75-0 


13-33 


100-4 


8-0 


13 


158-3 


2110 


0*335 


9*2 


84-1 


11-89 


100 -4 


8-6 




170-6 


2029 


0*378 


9-1 


84. -0 


11-90 


100-4 


8-9 




154-1 


1834 


^ 0*398 


9*5 


86*4 


11-57 


100-0 


8-2 




149-2 


1726 


0*424 


9*0 


83*6 


11*96 


100-2 


8-5 




138-8 


1660 


0*472 


9-3 


86*6 


11-56 


100-0 


8-0 


9-5 


132-6 


1532 
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two- or three-fifths of a second, and were evidently experimental and not 
real variations in the rate of flow. The fourth column gives the flow in 
cubic centimetres per second. S is obtained from the fifth column. The 
lengths of potentiometer wire required for balance are given under /, From 
20 to 30 minutes were required for steady conditions. After this time the 
balance point moved to and fro about 1 per cent, from a mean position. 

Mean W = 9^-4. 

„ boiling water and wire = 100°'3, 8*1 cm. 

Thus S = 100-3-8-1/11-2 = 99°-6, 

and T = S-W-0-0084Q-0-40 = 90-2~0-13-0-40 (if Q = 15). 

From the curve A = 588, But 

k = 8-710 X 10-6 X AT-i = 0-0000571, 
a value not very different from that obtained in the first experiments. 
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Thermal Conductivities of other Gases* 

The thermal conductivities of other gases may be obtained by comparison 
with air. To do this, one has only to fix the distance between the plates and 
provide a gas-tight insulating ring. 

Using the usual notation, the heat crossing from the hot to the cold 
plate is 

m 
Also Q = hirr^Tcl-^ -\-^, 

where E, denoting the sum of the radiation between the plates, the edge 
effect, and the conduction of the ring, is constant, whatever Q and k, if the 
temperatures of the plates are kept constant and provided the plates do not 
tarnish so as to affect the radiation. Whether they did so or not could, of 
course, be determined by repeating the measurement of heat flow with air 
between the plates. We have, then, for air, 

VZ^Em-l = ATrr^T^-^ + E. 

If the space between the plates is occupied by a gas of conductivity Iv , 

V7'^Em-l == yl^Vr^T^-i + E, 

whence // = ^^ + — . -^ (J'V - VZ). 

"ill 7r7 ± 

The plates were separated by a narrow ring of ebonite of such dimensions that 
the area of contact with the plates was small compared with the area of the gas 
layer. The enclosed space was sealed up by painting round the edges of the 

plates and ring with shellac varnish. Two holes in the ring 
at opposite ends of a diameter served as inlet and outlet 
"^^ "" for the gases. At each hole the ebonite was cut " flush " 

with the plates and the entrance or exit tube, having on 
the end a short piece of rubber tubing, was pressed 

= against the plates over the hole. The contact between 

'"*^ the rubber and plates was sealed with shellac varnish 

The gas to be experimented upon was passed from a 
gasholder through sulphuric acid into the space between the plates, 
displacing the air or gas already there. 

Mean thickness of ebonite ring, d .., = 0*168 cm. 
Internal diameter, 2r = 29*86 „ 

Therefore, if the other constants are the same, 

r =: z. + '^l^ . _4-(V7'-V0 
r/i irr^^l 

= 0-0000571 + 1-527 X 10-6 x(V7'-V0T-i. 



I tftTtf({^ 
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The following table gives the results obtained for one or two gases. Air 
was taken first, then carbon dioxide, oxygen, and air again. The second 
determination of Yl for air was made to see whether any change had taken 
place in the radiation. In the case of nitric oxide, the reading of the 
potentiometer wire slowly increased, after the supply of gas had been stopped 
for some time, from 275 to 387 cm. This must have been due to the forma- 
tion of nitrogen dioxide, the oxygen of the air diffusing in through the exit. 
It was probable, too, that the polished surfaces of the plates had been attacked 
and the radiation thus increased. A re-determination of V^ for air showed 
this to be the case and, after the experiments, when the plates were separated 
a thin red film covered their surfaces. 

In the second experiment with nitric oxide, one or two bubbles of air were 
sent in order to make the oxidation more rapid and perhaps more complete. 
The wire reading increased more rapidly from 280 to 399 cm., almost the 
whole length of the potentiometer wire. 

The first value for the conductivity of nitric oxide has been calculated, 
taking V^ for air 4777 and the second value with Yl for air 4946. Both 
values, however, are certainly too high, because of the formation of the higher 
oxide, which attacks the plates and increases the radiation. The second 
value for nitrogen dioxide, taking V^ for air as 4946, is probably the right 
value for that gas. 

The values in this table are of the same order as those obtained by previous 
experimenters. According to the kinetic theory, the thermal conductivity of 
a gas is proportional to the product of its viscosity coefficient and its specific 
heat at constant volume, so that between wide limits it should be independent 
of the pressure. The results given in this paper show that the conductivity 
at ordinary pressures is not very different from the conductivity determined 
at pressures of a few millimetres of mercury. 

It may be interesting to give a table of some previous determinations of 



Observer. 


G-as. 


^0- 


^100* 


(deduced). 


^5 

(present paper). 


Winkelmann 

G^raetz 

Sch-leiermaclier ... 

Winkelmann 

G("raetz 


Air 

)i 

OO2 

it 
)) 

^2 

NO 
NO2 


-0000525 

484 
562 

-0000322 
309 
327 

-0000563 

524 
460 


-0000653 
574 

782 

-0000450 
878 
509 


0-0000595 
535 
683 

-0000392 
347 

427 


-0000571 

-0000411 

-0000593 
-0000569 
-0000539 
-0000888 


Sdileiermaclier ... 

Winkelm ann 

j> 

>j 
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thermal conductivities for comparison. The columns k^ and ^loo are the 
observed values of the conductivity at 0° and 100^ C. respectively. In the 
fifth column, k^^ is deduced from these, assuming that the conductivity is 
a linear function of the temperature. 

A Determination of the Radiation Constant. 

The same apparatus may be used to determine the radiation constant. In 
our equation (see equation (3) ), 

^y = AX + B + CX~i, 

where y = Yl and X = x"'^, the quantity B is given by the intersection of 

the lines p = AX + B and X = 0. B will be proportional to cr, the constant 

of radiation, and if the surfaces are perfect radiators, or if the emissive 

power of the surfaces in terms of a " black body " is known, a can be 

calculated. For the quantity of heat radiated per second will be 

(equation (1) ) 

Q = BiRm-\ 

According to Stefan's law. 



o (T 



Q = 7rr^J(T/--TA 

where J is. Joule's equivalent and T is the absolute temperature of the 
radiating surface. Whence 

Bi/Xx u 

m 7rr^{Tt^-Tb^) 

If the ratio of the emissive power of the surfaces to that of a '' black body " 

is a, we must write 

^BiR J 

a m 7rr2(T/-T5*)* 

The correction for the temperature gradient through the plates assumes 
bigger proportions because fourth powers of the temperatures enter in. From 
equations (5) and (6) 



^tQY__^J-i A dtQ 



T,4= S-.:?^) =S* 1--4. 



Ositr'l \ Gsirr'Bj ' 

%^ = (^^-W + 0-4oY = (W-0-40)* 



1-4 



4Q 



C^7rf^(W~0-40)J* 



Thus T,4-T5^ = S*-(W-0-40¥-^ f^^-MEz^^" 

The ratio a was determined for a metal surface painted black. This 
surface at the temperature of steam was exposed to the junction of a Boys 
radiomicrometer and the deflection compared with that produced by a 
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" black body " at steam temperature. The black body was made by soldering 
a cylindrical brass vessel 8 cm. long and 5 cm. diameter, blackened inside 
and containing an opening 2*5 cm. diameter, into a larger cylinder 11 cm. 
long and 8 cm. diameter. Steam could be passed through the space between 
the cylinders. 

In making a comparison of the painted surface with the black body, each 
in turn was set up before the radiomicrometer. When steam was passing 
freely the scale reading was noted and immediately the junction was 
exposed; after 15 seconds the scale was again noted and the junction 
covered. This procedure was repeated several times with one radiator and 
then with the other. The exposed readings were plotted as ordinates and 
the unexposed readings as abscissae (fig. 9). If we draw any ordinate AB, 

AB — OA will give the deflection produced 
by the black body when the unexposed 
reading is OA. AC— OA will give the 
deflection produced by the black paint 
surface when the unexposed reading of the 
radiomicrometer is also OA. The ratio 
(AC — OA)/(AB — OA) is equal to a. Six 
such curves gave for a, 0*938, 0*942, 0*933, 
0*934, 0*943, 0*938, giving a mean of 0*938. 

The surfaces of the plates in the con- 
ductivity apparatus were coated with the 
same black paint, and experiments were made in the same way as for the 
determination of the conductivity. Tables I and II give observations of 
experiments. The constants of the apparatus were the same as those in the 
conductivity experiments, so that 

a = 3*89 X 102 X - — 5_ — 

and T,4-1V = S4-(W-0*40)4-0-055 Q [4*27 S^- 2*14 (W- 0*40)^]. 
From Table I — 

= (371*4)4- (287*2)^- 0-055 x 30 [4*27 x (371-4)3-2*14 x (287*2)^] 
= 1*19.5 X 10^^. 

1660 




T/. 



%' 



Thus 



o-=3*89xl02xr 



5*39 X 1 0""^ ergs/cm^. 



1-195 X 1010 
From Table II — 

T/-1V = (37l*2)4-(281-4)4-0-055 x30[4-27x(371-2)3-2-14x(281-4>'^] 
= 1-244 X l(fiK 
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Thus 



0- = 3-89 X 102 X 



1700 



1-244x101^ 



= 5-48 X 10~^ ergs/cm/ 



Table!. 



X, 


X. 


W. 


Y. 


Boiling water 
and wire. 


/. 


Y/. 






o 




o 






0-141 


7-09 


14-8 


15-49 


99 -7 15 -3 


357-4 


5540 


0-166 


6-02 


14-5 


15-33 




324-1 


4940 


0-212 


4-72 


14-6 


15-02 


99 -7 15 -0 


299-5 


4200 


0-264 


3-78 


14-6 


13-36 




277-6 


3730 


0-326 


3-07 


14-5 


12-53 


99 -7 14 -8 


263-2 


3310 



Plotting X and V^, and producing to cut X = 0, we obtain B 
Mean W = 14°-6 0. = 287°-6 abs. 



1660. 



Mean S = 99-7 



15-0 



11-2 



= 98°-4 C. = 371°-4 abs. 



Table II. 



X, 


X. 


W. 


Y. 


Boiling water 


/. 


Y^. 










and wire. 










o 




o 






0-165 


6-06 


8-9 


16-67 


99 -2 9 -9 


313 


5220 


0-197 


5-08 


9-0 


16-08 


99 -1 11 -1 


287-5 


4640 


-233 


4-28 


8-9 


16-08 


99 -1 10 -1 


262-6 


4220 


0-288 


3-47 


8-8 


14-58 


99 -2 10 -8 


253-9 


3690 


0-344 


2-91 


8-7 


14-58 


99 -2 11 -1 


234-4 


3410 


0-420 


2-38 


8-6 


13-11 


99 -2 10 -7 


228-6 


3000 



Plotting X and Yl, and producing to cut X = 0, we obtain B 
Mean W = 8°-8 C. = 281°-8 abs. 

10-6 



1700. 



Mean S = 99-2 



11-2 



98°-2 C. = 37l°-2 abs. 



The author, in concluding, wishes to thank Prof. Poynting for the advice 
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for valuable suggestions in the course of the work. 



